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ABSTRACT 
Cognitive-motor integration (CMI) involves concurrent thought and action which requires 
the interaction of large brain networks. Our research objectives were to examine the effect that 
dementia risk has on the ability to integrate rules into action and to investigate sex-related 
differences in this rule-based motor performance. Given that early-stage dementia involves 
neural network dysfunction, problems with CMI may prove useful for early dementia detection. 
Males and females at high- and low-dementia risk were tested on increasingly spatially-
dissociated visuomotor tasks. We observed significantly greater endpoint error scores and 
corrective path lengths in females compared to males in the most complex CMI condition. These 
data suggest that underlying brain networks controlling simultaneous thought and action differ 
between the sexes, and that dementia risk may affect female CMI performance to a greater 
extent. Thus, sex-related differences must be taken into account when assessing CMI 
performance as a means to examine dementia risk-related functional abilities.   
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INTRODUCTION 
Dementia 
Prevalence and costs 
Dementia is a syndrome characterized by 1) cognitive impairments in a variety of domains 
(memory declines, language problems, psychiatric changes), and 2) disruption of activities in 
daily living (Burns and Illife, 2009). Alzheimer’s disease (AD) is the most common cause of 
dementia (Reitz and Mayeux, 2014). According to the 2015 World Alzheimer Report, 
approximately 46.8 million people worldwide are living with dementia - this is greater than the 
current population of Canada (Prince et al., 2015). By the year 2030, this number is expected to 
increase to more than 74 million worldwide, with 886 000 in Canada. In addition to being a 
global health issue, dementia also has a considerable economic impact. The Public Health 
Agency of Canada (2014) projects the cost of dementia to be over 16 billion CAD, while the 
2015 World Alzheimer Report (Prince et al., 2015) estimates global costs to rise to 2 trillion 
USD.  
Pathophysiology of Alzheimer’s disease 
AD is characterized by three brain abnormalities 1) atrophy (narrowed gyri, widened sulci, 
reduced brain weight, enlarged ventricles), 2) extracellular amyloid plaques, and 3) cytoskeletal 
abnormalities from intracellular accumulation of neurofibrillary tangles (hyperphosphorylated 
tau protein) (Schwartz et al., 2012). It has been proposed that the neurodegeneration in AD may 
be due to abnormal deposition of amyloid beta (Aβ) protein in plaques in brain tissue (Hardy and 
Selkoe, 2002). The amyloid hypothesis states that the primary driving force of AD pathology is 
the accumulation of Aβ in the brain, and that the rest of disease pathology (such as formation of 
neurofibrillary tangles) is a direct result of an imbalance in Aβ deposition and Aβ clearance. 
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However, recent studies have proposed that it is equally plausible that alterations in tau are not 
downstream of Aβ accumulation, but rather that tau and Aβ act in parallel pathways to enhance 
one another’s toxic effects and cause AD pathology (Small and Duff, 2008).  
Genetic epidemiology of Alzheimer’s disease   
Genetic factors play a large role in determining an individual’s risk for AD. AD can be 
classified based on its age of onset into early-onset AD (EOAD) and late-onset AD (LOAD) 
(Reitz and Mayeux, 2014). EOAD is the less common of the two, affecting approximately 1-5% 
of all cases with a typical onset of <65 years old. It exhibits a Mendelian pattern of autosomal 
dominant inheritance and genetic heterogeneity, where three genes (APP, PSEN1, and PSEN2) 
are associated with EOAD pathophysiology (Martin et al., 1991; Campion et al., 1995). AD-
linked mutations in these genes and their protein products lead to Aβ generation and aggregation 
(Martin et al., 1991).  
LOAD is more common, accounting for >95% of all cases with an onset of >65 years old 
and it is not associated with a Mendelian pattern of inheritance (Reitz and Mayeux, 2014). 
Instead, first-degree cognitively normal relatives of people with LOAD are at twice the risk of 
developing AD compared to those who do not have a first-degree relative with LOAD. This, in 
combination with the increased frequency of LOAD in monozygotic compared to dizygotic 
twins, indicates a 60-80% contribution of genetic factors. One study looked at parental family 
history of AD and any potential parent gender effects on AD risk (Mosconi et al., 2007). They 
found reductions in the cerebral metabolic rate for glucose (CMRGlc) corresponding to AD 
pathology in individuals with a maternal family history of AD after having accounted for other 
possible risk factors for AD (age, gender, APOE, education level, and reported memory 
complaints).  
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One of many genes that predisposes the carrier to AD is an isoform of the apolipoprotein E 
(APOE) gene, the APOE e4 allele (Mahley et al., 2009). APOE expressed as one of three 
isoforms, which are coded for by the three alleles, APOE e2, e3, and e4 (Reitz and Mayeux, 
2014). APOE is a lipid-binding protein that transports cholesterol between cells in multiple 
tissues (including the brain), and regulates the redistribution of cholesterol within cell 
membranes (Puglielli et al., 2003). These functions are essential for the nervous system, since 
cholesterol is needed for maintaining myelin and neuronal membrane integrity (Leduc et al., 
2010). While APOE works in conjunction with other cholesterol transporters, it is more abundant 
in the brain and thus makes the CNS particularly dependent on APOE for cholesterol transport. 
Studies comparing properties of the three APOE isoforms found structural differences that lead 
to varying physiological effects. Specifically looking at the brain, the e4 isoform has been shown 
to cause a reduced ability for APOE-dependent Aβ clearance, and increased tau accumulation, 
resulting in an overall increased risk for Alzheimer’s (Andersson et al., 2006; Mattsson et al., 
2009; Strittmatter et al., 1994). 
APOE has been identified as a susceptibility gene for the development of both EOAD and 
LOAD, with the proportion of the APOE e4 allele in LOAD being greater than in EOAD 
(Panegyres and Chen, 2013). Interestingly, findings show that the APOE e2 allele is seen more 
with EOAD, suggesting a genetic difference between LOAD and EOAD. As a result, APOE e4 
has been identified as a major genetic risk factor for development of LOAD (Panegyres et al., 
2000). It is important to note, however, that although it increases the risk of LOAD, not everyone 
with the allele will develop AD and not everyone with AD has the allele. Genome-wide 
association studies (GWAS) have identified polymorphisms in other genes (e.g. CLU, PICALM, 
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CR1, BIN1, etc.) as additional susceptibility loci for AD, however they provide less of a risk 
when compared with APOE (Seshadri et al., 2010).  
A meta-analysis looked at the association between APOE e4 and AD in men and women 
aged 40 to 90 years across a variety of ethnic groups (Farrer et al., 1997). The study confirmed 
the APOE e4 allele as a major risk factor for AD across all studied ethnic groups, however the 
extent of the risk APOE e4 poses in African Americans is diminished. Another study found that 
there is increased risk for heterozygous APOE e4 in Caucasians and Hispanics, but not in 
African-Americans (Tang et al., 1996). However, when looking at homozygous APOE e4 
individuals, the relative risk for AD associated with the e4 allele was similar across the three 
ethnic groups. Additionally, the risk of AD given a specific APOE genotype varies depending 
not only on ethnicity, but also on sex. Just one copy of the APOE e4 allele in women is 
equivalent to the increased AD risk associated with having two copies of the e4 allele in men 
(Farrer et al., 1997; Parami et al., 1994).  
Neural correlates of preclinical and prodromal Alzheimer’s disease 
The past several years have seen a shift in methods used to study AD. Specifically, there 
has been an increase in studies using brain imaging techniques to explore different brain 
measures to investigate the neural underpinnings of AD.  
Grey matter integrity. Imaging and histopathological studies together have shown that AD 
affects limbic structures early on in the disease (Blennow et al., 2006; Braak and Braak, 1991a,b; 
Braak et al., 1996; Grieve et al., 2005). Interestingly, it is not amyloid deposits but rather 
neurofibrillary tangles beginning in the transentorhinal cortex and then spreading into the 
entorhinal region and hippocampus that are highly correlated with neuropsychological 
impairments and severity of dementia (Arriagada et al., 1992; Bierer et al., 1995; Braak and 
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Braak, 1991b; Braak and Braak, 1995; Braak et al., 1996; Hyman et al., 1984; Guillozet et al., 
2003). A meta-analysis study supported the idea that alterations in the transentorhinal region, 
hippocampus, inferior parietal lobules (IPL), and precuneus may predict progression from mild 
cognitive impairment (MCI) to AD (Schroeter et al., 2009). The parietal impairments seen in the 
IPL and precuneus may be a result of Aβ protein deposits (Braak and Braak, 1991b; Jack et al., 
2008; Kemppainen et al., 2007), and the diaschisis hypothesis (disruption of the cingulum bundle 
causing disconnection from the hippocampus) (Villain et al., 2008). Imaging studies have 
demonstrated that disruption of the precuneus is involved in deficits in visually-guided behaviour 
(Cavanna & Trimble, 2006), and thus may underlie the early visuomotor impairments seen in 
AD. Alterations in the IPL have been suggested as the most reliable indicators for transition from 
MCI to AD (Schroeter et al., 2009). Furthermore, MRI studies have found that individuals with a 
maternal family history of AD have lower grey matter volumes in AD-vulnerable brain areas, 
with progressive grey matter atrophy in the parahippocampal gyrus and precuneus (Honea et al., 
2010).  
White matter integrity. Neuroimaging studies employ diffusion tensor imaging (DTI) to 
map out and examine white matter (WM) integrity of tracts connecting various regions of the 
brain. The accumulation of Aβ and tau proteins leads to inflammation and eventual neuronal 
atrophy and cell death (Braak and Braak, 1991b; Braak and Braak, 1995). With the loss of 
neurons, WM volume in the brain also decreases both as a result of myelin degeneration and loss 
of axons in neural fibre tracts (Braak and Braak, 1996; Braskie et al., 2011; Hua et al., 2013). 
DTI studies have shown that WM integrity declines as early as in the preclinical stages of AD 
(Fischer et al., 2015; Kantarci et al., 2014; Prescott et al., 2014). With disease progression, WM 
alterations spread from association tracts within the limbic system to temporal and parietal areas 
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(Kantarci et al., 2010; Nowrangi et al., 2013). Alterations in WM appear to follow typical grey 
matter neurodegeneration patterns seen in AD, suggesting that disruptions in WM are associated 
particularly with tau pathology of AD (Kuczynski et al., 2010; Villain et al., 2008). Young adults 
that are carriers for certain AD risk genes show differences in DTI measures years before typical 
age onset of AD (Braskie et al., 2011). Several studies on patients with AD and MCI have found 
associations between cognitive impairment and reduced fractional anisotropy (a measure of tract 
integrity) in the corpus callosum, fornix, cingulum, and superior and inferior longitudinal 
fasciculi (Liu et al., 2009; Stricker et al., 2009). Furthermore, lower fractional anisotropy (FA) is 
seen in AD and MCI patients across the whole brain when compared to healthy controls, and 
more specifically in the medial temporal lobe, which is the first to show AD pathology (Braak 
and Braak, 1991b; Braak and Braak, 1995). Lower FA in the parahippocampal gyrus white 
matter is also associated with presence of APOE e4 (Nierenberg et al., 2005). While more work 
needs to be done, some studies suggest that DTI changes may precede volume loss, making it a 
potential detection tool of early neurodegeneration (Hugenschmidt et al., 2008; Nir et al., 2012).  
Default mode network functional connectivity. Recent studies have demonstrated the 
importance of studying resting state conditions in disease. Specifically, the clinical diagnosis of 
AD has shown a correlation with changes in default mode network (DMN) activity (Greicius et 
al., 2004; Lustig et al., 2003; Rombouts et al., 2005; Wang et al., 2006). Molecular imaging 
using positron emission tomography (PET) showing where amyloid plaques form in early AD 
show similar patterns to areas of DMN activity in young adults (Buckner et al., 2005). 
Longitudinal MRI studies have shown that these regions are affected by AD pathology, and 
show atrophy with disease progression (Buckner et al., 2005; Scahill et al., 2002). It has been 
proposed that DMN activity across the lifetime may increase a metabolism-dependent cascade of 
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events that leads to AD pathology and later symptoms of dementia (Buckner et al., 2005; Cirrito 
et al., 2005; Selkoe, 2006). Lower connectivity within the DMN was found in healthy older 
APOE e4 carriers, with a sex interaction in the precuneus (a major region of the DMN) (Riedel et 
al., 2016). This region is connected to the medial temporal lobe, one of the first regions of the 
brain to exhibit AD tau pathology and reduced glucose metabolism in early AD (Reiman et al., 
1996).  
Clinical symptoms and diagnosis of Alzheimer’s disease  
Dementia due to AD is often associated with decrements in cognitive function and short-
term memory, and with disease progression these are accompanied by deficits in the ability to 
perform complex movements (Hebert et al., 2010). The antemortem diagnosis of AD was based 
on criteria established in 1984 by the National Institude of Neurological and Communicative 
Disorders and Stroke and the Alzheimer’s Disease and Related Disorders Association (NINCDS-
ADRDA) (McKhann et al., 1984). These criteria focused exclusively on clinical symptoms to 
assign diagnoses of “unlikely”, “possible”, “probable”, and “definite” AD, and were mainly a 
diagnosis of exclusion. The Diagnostic and Statistical Manual of Mental Disorders V (DSM-5) 
lists similar criteria for major neurocognitive disorder (previously called dementia), as well as 
impairments in activities of daily living (American Psychiatric Association, 2013). These 
impairments present as cognitive deficits that begin to interfere with independence in everyday 
activities, where assistance is required with complex instrumental activities, such as paying bills. 
With recent advances made in knowledge regarding AD biomarkers, the 1984 NINCDS-
ADRDA criteria have become outdated and biomarkers were proposed in scientific literature to 
be included in future diagnostic criteria (Dubois et al., 2007; Hyman, 2007; Reisberg, 2006). The 
National Institute on Aging and the Alzheimer’s Association (NIA/AA) tasked a workgroup with 
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the revision of the 1984 NINCDS-ADRDA criteria for AD dementia to account for biomarkers. 
While the new NIA/AA guidelines do focus on future research directions, the DSM-5 focuses 
exclusively on a clinical diagnosis. The workgroup tasked by the NIA/AA incorporated 
biomarkers from neuroimaging and laboratory assessments (cerebrospinal fluid assays) to create 
new criteria for AD dementia (McKhann et al., 2011). The new diagnostic categories are 
“dementia unlikely due to AD”, “possible AD dementia”, and “probable AD dementia” - all 
diagnoses can be made based on solely clinical criteria, or may further include evidence of the 
AD pathophysiological process. The new workgroup proposed (1) core criteria for all-cause 
dementia, and (2) criteria for dementia caused by AD. Probable AD dementia is diagnosed when 
the person meets all the core clinical criteria. Possible AD is diagnosed when there is an atypical 
or mixed presentation of the disease. Finally, probable or possible AD dementia can be 
diagnosed with evidence of the AD pathological process when there is biomarker evidence that 
increases the certainty of the dementia being caused by AD. 
Clinical symptoms of dementia appear only after there has already been significant damage 
to the brain. Patients that presented with cognitive complaints but did not meet criteria for 
dementia (at-risk for AD) and patients with very mild AD both differed from healthy adults in 
entorhinal volume, but not from one another (Dickerson et al., 2001). Furthermore, the two 
patient groups differed from controls, as well as from each other, in hippocampal volume where 
the AD patients had the greatest atrophy. Another study reported approximately 20% volume 
loss in the entorhinal cortex and hippocampus in patients with mild AD (Karow et al., 2010). 
These findings indicate that atrophy in select brain areas occurs before the onset of dementia. 
Converging evidence further suggests that the pathophysiological process of AD precedes the 
diagnosis of clinical dementia by years, if not decades (Morris, 2005). This means that early 
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detection is not only essential, but it is also possible. Although there have been advances in the 
early detection of AD, including neuroimaging or invasive procedures (taking blood or CSF 
samples), both are costly and not easily accessible to the public. Insights into the dysfunction of 
neural networks underlying visuomotor transformations in early-stage AD provide a novel 
behavioural target for its detection. 
 
Cognitive-motor Integration (CMI) 
Sensorimotor transformations in visually-guided movements 
In everyday life we perform daily activities that require interaction with objects in our 
environment. The current study is guided by the theory that various skilled movements requiring 
visuomotor transformations are processed in separate, but overlapping, frontoparietal networks; 
these networks are differentially affected by healthy aging versus neurological disorders.  
Standard mapping. Most reaching movements are referred to as standard visuomotor 
transformations. Imagine a cup of coffee being placed on the table in front of you. When you 
reach towards the cup, it involves first looking at the object before initiating the reaching 
movement. Your brain then automatically transforms any relevant visuospatial information into a 
motor output for you to successfully get to the target (in this case, the coffee cup). This process is 
automatic because the brain’s default visuomotor mapping is thought to have the gaze and hand 
spatially aligned (Gielen et al., 1984; Helsen et al., 1998). This action involves the spatially 
congruent guidance of the eyes, limbs, and body directly towards a visual target of a reach (Wise 
et al., 1996). In other words, the eyes are directed towards the object and the hand moves to the 
same spatial location that object is in. However, with the advent of tool-use, many learned 
movements have an element of dissociation between the targets of gaze, attention, and reaching. 
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There is an integration of some form of cognitive information into the visuomotor 
transformation. This form of visuomotor guidance depends on non-standard mapping, and 
involves thinking and moving at the same time (cognitive-motor integration). 
Non-standard mapping. For cognitive-motor integration (CMI), the mapping between the 
visual stimulus and response must be learned and calibrated. Non-standard mapping is used in 
situations when there is some level of dissociation between the target of a reach and the motor 
output. There are two categories of non-standard visuomotor mapping: 1) arbitrary, and 2) 
transformational. Non-standard arbitrary mapping involves, as the name suggests, selection of 
motor behaviour based on arbitrary sensory stimuli (Murray et al., 2000). Nonspatial properties 
of a visual stimulus, such as colour, provide information about the target for the motor output. 
For instance, when driving a car, a red traffic light means the person driving must step on the 
brake pedal to stop the car. The stimulus (red light) is arbitrary in the sense that the action it 
leads to has no relationship to the stimulus itself other than an associative link formed through 
learning to drive. Non-standard transformational mapping also involves dissociated visual cues 
and motor outputs; however unlike arbitrary mapping, it uses spatial information to relate the 
position of the visual target to the direction of an action. Non-standard transformational mapping 
is itself further broken down into two forms: 1) sensorimotor recalibration, and 2) strategic 
control (Wise et al., 1996).  
Sensorimotor recalibration is used when the spatial location of a visual target and the 
required movement are in different planes. When using a laptop trackpad, the visual target 
(cursor on the computer monitor) is in a different plane from the required movement (trackpad 
on a horizontal surface). This type of non-standard mapping is also used for laparoscopic 
surgeries. There needs to be a coordinated remapping of the visual target and hand representation 
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in one plane, onto the target representation and true location of the hand in another plane 
(Bedford, 1993; Clower and Boussaoud, 2000; Lackner and Dizio, 1994). For the movement to 
be successful, there also needs to be constant feedback and updating of the hand relative to the 
target location.  
Strategic control is used in movements where an explicit rule needs to be applied in order 
to move correctly (Redding and Wallace, 1996; Redding et al., 2005). Going back to the laptop 
trackpad example, this is seen in certain laptops where in order to scroll down, you need to slide 
your fingers up. There is a 180o rotation, where your motor output (hand moving up) needs to go 
in the opposite direction of the target (page scrolling down) to successfully complete the task. 
Sensorimotor recalibration is implicit, whereas strategic control uses explicit rules. In my 
research, I study non-standard transformational mapping as it requires cognitive-motor 
integration which has been shown to differ between healthy and clinical populations, such as in 
those with AD.  
Brain networks involved in CMI 
Accurate movements towards a target represent the ability to coordinate the perception of 
our surroundings with action of the body. This coordination requires a transformation of sensory 
information about body and target positions into appropriate motor outputs - in other words, 
sensorimotor transformation. While the underlying neurological computations are not fully 
understood, a visually guided movement involves a transformation from extrinsic (using external 
cues) to intrinsic (the required joint and muscle activations) reference frames (Kakei et al., 2003; 
Kalaska et al., 1997; Kalaska and Crammond, 1992). Specifically, an eye-centered coordinate 
frame (i.e., internal representation of a target in space using its position on the retina) needs to be 
transformed to an effector-centered motor coordinate frame (i.e., position of muscles and joints 
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performing the movement) (Anderson et al., 1985; Flanders et al., 1992; Ghilardi et al., 1995; 
Kalaska and Crammond, 1992; Soechting and Flanders, 1989a,b). In a visually-guided reaching 
task, this is known as visuomotor integration. The activation of neurons encoding eye-centered 
target positions and initial limb positions are influenced by different combinations of visual 
input, eye position, arm position, and arm movement (Galletti et al., 1999; Snyder, 2000). 
Specifically, interconnected neuronal populations from parietal, premotor, and primary motor 
areas forming the frontoparietal network have been established as brain areas necessary for 
visuomotor integration (Sabes, 2000; Wise et al., 1997). For a standard reaching movement to 
occur, there needs to be a transformation from extrinsic visuospatial information to intrinsic 
muscle and joint representations (Battaglia-Mayer et al., 2000; Crawford et al., 2011; Kalaska et 
al., 1997; Kalaska et al., 1998; Sergio and Kalaska, 2003). The following is a simplified flow of 
information necessary for visuomotor transformations in the frontoparietal network; in reality, 
this processing involves local connections and large reciprocal cortico-cortical projections that 
act both serially and in parallel to one another (Alexander and Crutcher, 1990; Kalaska and 
Crammond, 1992; Kalaska et al., 1997; Sabes, 2000) (Figure 1).  
Processing of visual stimuli. Visual information comes in through the primary visual cortex 
(V1) in the occipital lobe, and is further processed through the parieto-occipital region (PO). 
From there, information flows to the posterior parietal cortex (PPC), containing the superior 
parietal lobule (SPL) and areas of the intraparietal sulcus (IPS). These areas are called the 
anterior (AIP), medial (MIP), lateral (LIP), and ventral (VIP) intraparietal areas.  
Planning and executing a motor output. From the PPC, information is sent to the premotor 
cortex (PMC), which includes areas responsible for motor planning. These areas are the medial 
supplementary motor area (SMA), cingulate motor area (CMA), lateral dorsal (PMd) and ventral 
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(PMv) premotor areas. The motor plan is then executed when these areas output information to 
the primary motor cortex (M1).  
Looking further into the particulars of the frontoparietal reach network, neurons in the PPC 
are important for visuomotor transformations as they discharge in response to both sensation and 
movement (Blangero et al., 2009; Kalaska, 1996). Neurophysiological studies done by our 
laboratory in rhesus macaque monkeys showed differences between brain areas involved in 
standard versus non-standard visuomotor transformation tasks. Specifically, differences in 
neuronal activity were found in the parietal and premotor areas (Hawkins et al., 2013; Sayegh et 
al., 2013; Sayegh et al., 2014; Sayegh et al., 2017). Standard reaches showed enhanced activity 
within SPL regions surrounding the MIP, and the caudal PMd. In contrast, caudal SPL and 
rostral PMd showed enhanced activity during non-standard reaches where there was a 
decoupling of the eyes and hand. These results demonstrate a separation by region in the SPL 
and PMd during standard versus non-standard visuomotor tasks.   
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Figure 1. Putative cortical networks required for cognitive-motor integration (CMI). The 
simplified schematic diagram depicts the possible cortical connections involved in strategic 
control (purple arrows) and sensorimotor recalibration (green arrows). Other intermediate 
connections in the networks are indicated with grey double arrows, and connections to the 
cerebellum are shown with dashed grey lines. Although most cortico-cortical connections are 
shown with one-way arrows, most connections are reciprocal. The prefrontal cortex (PFC) 
consists of the ventrolateral (VLPFC) and dorsolateral (DLPFC) prefrontal cortices. The 
posterior parietal cortex includes the superior parietal lobule (SPL) and inferior parietal lobule 
(IPL). The SPL and IPL are separated by the intraparietal sulcus (IPS), which contains anterior 
(AIP), lateral (LIP), medial (MIP), and ventral (VIP) subdivisions. The occipital cortex includes 
the primary visual cortex (V1). Dorsal premotor cortex (PMd), ventral premotor cortex (PMv), 
parieto-occipital region (PO), and primary motor cortex (M1) are shown as well. 
Figure adapted from Granek and Sergio (2015), brain template obtained from Getty Images.  
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Another study by our laboratory was conducted on humans, using neuroimaging (event-
related BOLD fMRI) to characterize the brain areas required for standard versus non-standard 
mapping (Gorbet et al., 2004). They found that common for all tasks, there was activity in the 
contralateral primary, premotor, and medial motor regions, as well as the postcentral gyrus. As 
tasks required motor outputs that were increasingly dissociated from the visual input, there were 
regions in addition to the basic pattern of activity that were required for visuomotor 
transformations. These regions included increased activity in the left precuneus, the right 
superior frontal and middle temporal gyri, and bilaterally in the angular gyri and inferior parietal 
lobule (IPL). IPL activity has been associated with tool-use in humans, which requires 
increasingly dissociated sensorimotor transformations (Inoue et al., 2001).  
Sex-based differences in performance of skilled movements 
Performance differences on eye-hand coordination tasks have been reported between males 
and females (Roalf et al., 2006). Typically, women excel in tasks requiring accuracy and 
bimanual coordination, while men outperform women in tasks requiring speed (Albines et al., 
2016; Fozard et al., 1994; Kimura, 1993; Kimura and Harshman, 1984). Not only has task 
performance differed between males and females, the underlying brain activity required for these 
tasks differs between the sexes, too. Functional neuroimaging studies in humans showed sex-
related differences in processed required for normal motor control (Gron et al., 2000; Jordan et 
al., 2002; Sadato et al., 2000; Seurinck et al., 2004; Weiss et al., 2003). Our lab looked at event-
related BOLD fMRI in both sexes for tasks requiring movements that are increasingly 
dissociated from visual stimuli (Gorbet and Sergio, 2007). While there were no sex-related 
differences in behavioural performance of the tasks, there were sex-differences in the underlying 
brain activity. In general, the right dorsal premotor cortex, right superior parietal lobule, and left 
16 
 
sensorimotor cortex were more active in women compared to men in tasks where the movement 
was dissociated from vision. In contrast, the superior temporal gyri were bilaterally more active 
in men. There were also sex differences in the laterality of brain activity in the frontoparietal 
network during the preparation of movements for visually-guided reaching tasks. While both 
sexes showed activity in the PMd and SPL contralateral to arm movements, women also showed 
greater ipsilateral activity in these regions. This suggests a more bilateral activation in women 
during visually-guided reaching tasks. Another study done by our laboratory used 
electroencephalography (EEG) to look at hemispheric laterality of event-related slow cortical 
potentials (SCPs) during visually-guided arm movement preparation (Gorbet et al., 2010). 
Activity during the preparatory period for movement was mainly contralateral to reaching in 
men, and bilateral in women. Furthermore, ipsilateral PMd activity in females may not be 
functionally necessary during reaching movements – rather, it may provide a redundancy to 
compensate for any decreased activity in the contralateral PMd (Gorbet and Staines, 2011). 
Meanwhile, men may be more dependent on the contralateral PMd for movement planning.  
Effects of healthy aging versus Alzheimer’s disease on visuomotor integration 
There are reductions in movement speed and accuracy, as well as difficulties in processing 
complex visual scenes, that come with healthy aging (Darling et al., 1989; Ketcham et al., 2002; 
Munoz et al., 1998; Sekuler et al., 2000; Stelmach et al., 1987). Our laboratory looked 
specifically at how these changes may contribute to a deterioration of motor function in 
increasingly dissociated reaching tasks. Healthy younger and older adults showed declines in 
performance of visuomotor transformation tasks requiring non-standard mapping (Hawkins and 
Sergio, 2014). Reaction times and movement times were both significantly longer in the older 
adults when compared to younger adults in the non-standard conditions.  
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Looking to the clinical population, patients in the early stages of AD may not yet exhibit 
significant memory deficits typically associated with the disease. However, there are structural 
changes that occur in the brain. Brain autopsies of demented patients showed widespread Aβ 
deposits and characteristic distribution patterns of neurofibrillary tangles in parietal and frontal 
lobes (Braak and Braak, 1991). Behavioural studies looking at AD patients found performance 
declines of eye-hand coordination tasks requiring non-standard mapping (Ghilardi et al., 1999, 
Ghilardi et al., 2000). One might expect early-stage AD patients without cognitive deficits to 
show difficulties in movements requiring the integration of cognitive information (CMI tasks) 
due to 1) structural degradation in parietal areas (essential in frontoparietal networks for 
visuomotor control), and 2) declines seen in performance of non-standard mapping tasks. This 
was shown in studies done by our laboratory in individuals with mild cognitive impairment 
(MCI) and in Alzheimer’s patients (Salek et al., 2011; Tippett and Sergio, 2006; Tippett et al., 
2007; Tippett et al., 2012). Both clinical populations performed the same as healthy age-matched 
controls on a standard mapping task, but had difficulty once an element of decoupling was 
introduced between gaze and movement, thus requiring CMI. However, it is not only clinical 
populations that show significant declines in performance of non-standard CMI tasks. Indeed, 
our laboratory found that when compared to healthy age-matched controls, women at an 
increased risk for AD revealed significant performance disruptions as task demands increased 
and required CMI (Hawkins and Sergio, 2014). Furthermore, these behavioural deficits in the 
dementia-risk group were associated with declines in white matter integrity and lower resting-
state functional connectivity within the default mode network (DMN) in the brain (Hawkins et 
al., 2015; Hawkins and Sergio, 2016). 
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CURRENT STUDY 
PURPOSE  
Research investigating the biological basis of disease has predominantly focused solely on 
males; findings from males were then applied to the entire species. One literature review found 
that male bias in animal species was evident in 8 of 10 disciplines; notably, it was most 
prominent in neuroscience, where studies solely focusing on males outnumbered those solely 
focusing on females 5.5 to 1 (Beery and Zucker, 2011). In humans, women are underrepresented 
in clinical trials. Geller et al. (2007) reported that of 46 clinical studies enrolling both men and 
women, women made up only 37% of the sample and only a quarter of the sample in drug trials 
specifically. In cardiovascular-related clinical trials between 1997 and 2006, the mean enrollment 
of women was 27% ranging from 10% to 47% (Kim et al., 2008). Recently, there has been an 
increase in research collecting data from both sexes. However, studies often combine male and 
female data and neglect to look at sex-differences explicitly (Cahill, 2006; Geller et al., 2007). 
We know that there are sex-related differences in dementia prevalence, progression, and genetic 
profiles. Furthermore, there are differences between men and women in how the brain controls 
movements and CMI, which could provide clinically relevant information. It’s important to 
expand on current combined-sex data, and look at data from males and females separately to 
better understand the aging brain. As mentioned previously, preliminary research findings from a 
female population did show deficits in performance of the CMI task with alterations in structural 
and functional connectivity typically seen in individuals with AD (Hawkins and Sergio, 2014). In 
the current study, I will look at the same behavioural measures in the male population. If the 
findings for males also show this association between CMI deficits and dementia-risk, then 
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kinematic measures can potentially be used as an easily accessible assessment tool for detection 
of dementia risk, applicable to both halves of the human species.  
HYPOTHESIS 
In accordance with findings from the female population, I expect to see cognitive-motor 
impairments for increasingly dissociated visually-guided movement tasks in older male adults at 
increased Alzheimer's disease risk when compared to healthy controls. Furthermore, previous 
studies from our laboratory have shown that there are no sex-related differences in behavioural 
performance of CMI tasks (Gorbet and Sergio, 2009; Gorbet and Sergio, 2007). As such, I do not 
expect to see behavioural differences between the control male and female groups nor the 
dementia-risk male and female groups in their performance of the CMI tasks. 
 
MATERIALS AND METHODS 
Participants 
The present study collected data from the male population, and compared findings to the 20 
previously collected female datasets which were reanalyzed for the current study (Hawkins et al., 
2015; Hawkins and Sergio, 2016). There were four additional female participants recruited for 
this study to increase the sample size in female groups. This study recruited 29 right-handed 
participants aged 49 to 69: 13 males at high-dementia risk (at-risk), 2 females are high-dementia 
risk (at-risk), 12 male at low-dementia risk (control), and 2 females are low-demetia risk 
(control) (see Table 1 for demographic statistics). At-risk participants were recruited from 
Memory and Company (Alzheimer’s health club), the Alzheimer Society of Canada, a Metro 
newspaper advertisement, and the York Research Participant Pool (YRPP). Control participants 
were recruited through YRPP and advertisements posted on Kijiji. Individuals were classified as 
high-dementia risk if they had a self-reported maternal or multiple family history of AD or 
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probable AD, but no cognitive impairment. Cognitive function was measured with the Montreal 
Cognitive Assessment (MoCA), where no cognitive impairment is indicated by scoring at or 
above education-adjusted norms. The choice of maternal history over paternal history is based on 
the higher risk for AD associated with a maternal history (Honea et al., 2011). Low-dementia 
risk participants were age-balanced with high- dementia risk participants. Individuals were 
classified as low-dementia risk if they had no family history of AD or any other type of 
dementia, did not demonstrate memory impairments outside of their age range norm, and scored 
at or above age-average on the MoCA. Exclusion criteria included vision impairments, upper-
limb impairments, medical conditions that would hinder motor task performance (e.g. severe 
arthritis or dystonia), any neurological illnesses (e.g. Parkinson’s disease, depression, 
schizophrenia, alcoholism, epilepsy), any history of head injury (e.g. mild, severe), stroke, and 
any medical diagnoses that would impact white matter integrity and brain connectivity (e.g. 
hypertension or diabetes). Signed informed consent was obtained from all participants prior to 
the start of the study. The study protocol was approved by the Human Participants Review Sub-
Committee in the York University’s Ethics Review Board. 
Questionnaire 
All subjects completed an entrance questionnaire to determine eligibility for the study. The 
questionnaire collected information about age, ethnicity, years of education, occupation, vision, 
computer and touchscreen experience, and video game use (Appendix A). Additionally, it 
covered health related questions about any diagnosed neurological disorders, family history of 
dementia or other neurological disorders, type I or II diabetes, smoking history, acquired brain 
injury (such as stroke or traumatic brain injury), and any medications that the individual was 
prescribed.  
21 
 
Table 1 
Summary of participant information 
 
 Control Male At-risk Male Control Female At-risk Female 
n 12 13 12 12 
Age years (SD) 59 (5.5) 58 (6.0) 58 (5.3) 59 (6.5) 
Range 49 - 66 51 - 69 50 - 67 51 - 68 
MoCA score (SD) 28.1 (1.56) 27.2 (1.36) 27.9 (1.62) 28.5 (1.45) 
Range 26 - 30 26 - 30 26 - 30 26 - 30 
Computer experience years 
(SD) 
2.8 (0.45) 2.6 (0.51) 2.6 (0.67) 2.9 (0.29) 
Touchscreen experience years 
(SD) 
1.8 (0.75) 1.6 (0.87) 1.8 (0.71) 2.1 (0.93) 
AD: Alzheimer’s disease; SD: standard deviation; MoCA score: Montreal Cognitive Assessment 
score.  
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Behavioural Data 
All subjects completed four visuomotor transformation tasks, similar to those previously 
used by our laboratory (Hawkins and Sergio, 2014; Hawkins et al., 2015; Hawkins and Sergio, 
2016; Salek et al., 2011; Tippett et al., 2006; Tippett et al., 2007; Tippett et al., 2012). This task 
has been found to discriminate between women at high- and low-AD risk with a classification 
accuracy of 86.4% (sensitivity: 81.8%, specificity: 90.9%) (Hawkins and Sergio, 2014). The 
tasks involved making simple sliding finger movements between targets displayed on an Acer 
Iconia 6120 dual-touchscreen tablet. These tasks were divided into one standard mapping 
condition (gaze and movement were coupled) and three different non-standard mapping 
conditions (gaze and movement were decoupled). In all four conditions, participants were 
instructed to slide the index finger of their right hand along the touch screen (either the vertical 
or horizontal screen depending on the condition) in order to displace the cursor from a central 
target to one of four peripheral targets (up, down, left, right) as quickly and as accurately as 
possible. The standard mapping task (S) involved the spatial location of the visual target and the 
required movement being the same. The non-standard mapping tasks involved the finger 
movements being made either on a different plane (plane-change, PC), in the opposite direction 
(feedback reversal, FR), or both (PC+FR), from the spatial target location (see Figure 2 for 
depictions of all four visuomotor transformation task conditions). Eye movements were the same 
across all conditions (ie. always to the guiding visual target on the vertical screen).  
The four conditions were presented in randomized blocks, each consisting of five pseudo-
randomly presented trials to each of the four peripheral targets. Peripheral targets were located 
75 mm from the central target, with target diameters set to 20 mm. The tasks were displayed on a 
170 x 170 mm black square and a surrounding grey background. There was a total of 20 trials 
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per condition, and thus each participant completed a total of 80 trials across the four conditions. 
To ensure task comprehension, each participant was given two practice trials per peripheral 
target prior to each of the four conditions. The trial timings and participant movements consisted 
of the following steps: 1) a yellow central (home) target was presented on the vertical tablet, 2) 
participants moved a white cursor to the central target, changing its colour to green once they 
reached it, 3) after holding the central target for 4000 ms, one of four red peripheral targets 
appeared and the central target disappeared, serving as the ‘Go’ signal for initiation of a 
movement, 4) participants were told to look towards the visual target and slide their finger along 
the touchscreen to direct the cursor towards the target, 5) once the peripheral target was reached 
and the participant held it for 500 ms, it disappeared, signalling the end of the trial, 5) the next 
trial began with the presentation of the central target after an inter-trial interval of 2000 ms (see 
Figure 3 for visual representations of a single trial completion).  
In the standard condition, participants were asked to slide their finger directly to the target 
on the vertical screen (the cursor was directly under their finger). In the PC condition (non-
standard), participants needed to move on the horizontal screen while looking at the vertical 
screen in order to direct the cursor towards the visual target displayed on the vertical screen. In 
the FR condition (non-standard), the cursor moved in the opposite direction of the participant’s 
finger movements, requiring them to slide their finger on the vertical screen away from the visual 
target in order to move the cursor towards it. Finally, in the PC+FR condition (non-standard), 
movements needed be made in the opposite direction and on a different plane from the visual 
target in order to direct the cursor towards it. 
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Direct (standard) 
 
Feedback reversal (non-standard) 
 
 
 
Plane-change (non-standard)
 
 
Plane-change +  
Feedback reversal (non-standard) 
 
 
 
Figure 2. Schematic drawing of the visuomotor transformation tasks. Lighter eye and hand 
symbols denote the starting position for each trial (green central target). Darker eye and hand 
symbols denote the instructed eye and hand movements for each task. Red circles denote the 
peripheral (reach) target, presented randomly in one of four locations (left, up, right, or down 
relative to the central target). The direct interaction tasks requires standard mapping, where 
participants slide their finger on a touch screen to move a cursor from a central target to one of 
four peripheral targets. The other three are non-standard conditions that are cognitive-motor 
integration (CMI) tasks, where targets are either spatially dissociated from the plane of hand 
motion (plane-change), have a 180° feedback reversal (feedback reversal), or both (plane-change 
+ feedback reversal). 
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Figure 3. Sequence of events during one trial of the visuomotor task. The central (home) target 
is where all trials begin. Once the participant moves the cursor (white square) into the central 
target, the target changes from yellow to green to signify a movement preparation period. After 
4000 ms, a red peripheral target appears in one of four directions (up, down, left or right of the 
centre) and serves as the ‘Go’ signal. Once the peripheral target is acquired and held for 500 ms 
it disappears, signaling the end of the trial. After an inter-trial interval of 2000 ms, the central 
yellow target reappears and the participant moves back to the central target to start the next trial.  
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Data processing 
Kinematic measures, including timing, finger position (x, y coordinates; 50 Hz sampling 
rate), and error data were recorded for each trial and converted into a MATLAB readable format 
using a custom written (C++) application. Custom analysis software (Matlab, Mathworks Inc.) 
was used to process individuals’ finger trajectories with a fourth-order (dual pass) low-pass 
Butterworth filter at 10 Hz. Finger trajectories were generated from these filtered paths for each 
successful trial, and were displayed on a Cartesian plot illustrating finger location data 
superimposed on central and peripheral target locations. Movement onsets and ballistic 
movement offsets (the initial movement prior to any corrective movements) were scored at 10% 
peak velocity. Total movement offsets were scored as the final 10% peak velocity point once the 
finger position was within the correct peripheral target. If the initial movement successfully 
resulted in the finger reaching the peripheral target, then ballistic and total movement offsets 
were the same. These movement profiles were then verified by visual inspection, and manually 
corrected when necessary. The number of sub-movements, or corrective movements, was also 
verified by visual inspection. Sub-movements were defined as a decelerated movement followed 
by an accelerated movement throughout the movement trajectory. Sub-movements were counted 
for every trial in each condition.  
Unsuccessful trials (error data) were detected by the data collection software by meeting 
the following criteria: finger left the home target too early (<4000 ms), reaction time (RT) was 
<150 ms or >8000 ms, or total movement time was >10 000 ms. Trials in which the first ballistic 
movement exited the boundaries of the central target in the wrong direction (>90o in either 
direction from a straight line to the target) were coded as direction reversals (DR), and weren’t 
included in metrics from correct trials but were analyzed as a separate variable. All scored data 
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were then processed to compute 11 different timing, accuracy, and precision measures described 
below. Any trials exceeding 2 standard deviations from the participant’s mean for any of the 
outcome measures were eliminated from final outcome calculations.  
Dependent measures  
The kinematic measures of interest in this study were reaction time (RT), movement time 
full (MTf), movement time ballistic (MTb), peak velocity (PV), path length full (PLf), path 
length ballistic (PLb), absolute error (AE), variable error (VE), and direction reversal errors 
(DR). RT (in ms) is the time interval between the central target disappearance and movement 
onset. MT (in ms) is the time between movement onset and offset, divided into MTf (full 
movement offset) and MTb (initial movement offset). MTb is the initial movement prior to any 
potential subsequent movement corrections. If this first movement does not end in the peripheral 
target, MTf is time of the first ballistic movements plus the time taken to make corrections and 
end in the target. AE (in mm) is a measure of end-point accuracy, and is the average distance 
from the individual ballistic movement endpoints (∑ x/n, ∑ y/n) to the actual target location. VE 
(in mm) is a measure of end-point precision, and is the distance between the individual ballistic 
movement endpoints (σ) from their mean movement. PL (in mm) is the total distance (calculated 
from the x and y trajectories) travelled between movement onset and offset. It is calculated as 
both PLf (full movement offset) as well as PLb (initial movement offset). Corrective path length 
(CPL) represents corrective movements, and was quantified by subtracting the PLb from the PLf. 
PV is the maximum velocity obtained during the ballistic movement, and is used to calculate the 
10% threshold used for determining movement onsets and offsets. Direction reversals were 
recorded as a percentage of total completed trials. All kinematic measures were averaged across 
the four peripheral targets for each condition. Number of sub-movements (#SubMvt) was 
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calculated as the average number of sub-movements per each correct trial, and the percentage of 
sub-movements (%SubMvt) were calculated as the percent of correct trials in which sub-
movements were present.  
Establishing composite scores 
With the large number of outcome metrics derived from data scoring, certain measures 
would need to be combined into composite scores to decrease the number of comparisons in data 
analysis. A principal component analysis (PCA) is a method used to identify interrelationships 
between the variables to create clusters or groups of variables that are highly correlated - these 
clusters, or components, are the output from the analysis. A PCA reduces the number of 
variables while still keeping the original variance by establishing a set of linear components and 
then determining how each measured variable might contribute to each component (Conway and 
Huffcutt, 2003). A rotated component matrix, also known as the loadings, is the main output of 
PCA and reports the estimated correlations between each of the measured variables (in our case, 
the kinematic measures) and the estimated components. PCA produces multiple components but 
not all are retained from the analysis - typically, eigenvalues are calculated for the components 
and these indicate the relative importance of each component. Kaiser (1960) recommends 
preserving factors with eigenvalues greater than 1, stating that components with scores less than 
1 will have negative reliability. The resultant components retained following analysis are used as 
the composite scores for analysis to allow for the control of Type I error rates when testing 
multiple comparisons, and for the organization of highly correlated variables into meaningful 
information regarding motor control. PCA may be helpful in exploratory analyses for identifying 
hidden dimensions (a structure that categorizes measures) in the data (Song et al., 2013).  
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It is convention to standardize the outcome variables to be used in a PCA; my kinematic 
measures were standardized using z-scores. Z-scores were calculated for the males and females 
based on the combined male and female control groups’ means to allow us to assess how the at-
risk individuals compared to all of the healthy controls. The means and standard deviations of 
RT, MTf, PV, AE, VE, and PLf were first calculated for all control participants. Taking RT as an 
example, z-scores for each participant were calculated by subtracting the control group mean 
from each participant’s individual score, followed by dividing the resultant difference by the 
standard deviation of the control group. This process was repeated for the other five kinematic 
measures. A z-score is a measure of the number of standard deviations that a raw score is from 
the population mean - in my analysis, it is the number of standard deviations that a raw score is 
from the control group mean. The mean z-scores for the at-risk groups will be either positive, 
negative, or equal to 0. A positive value indicates the score is above the control mean, a negative 
value indicates the score is below the control mean, and a value of 0 indicates the score is 
identical to the control mean. The z-score for PV was multiplied by -1 to match the other two 
timing measures RT and MT (where a lower value indicates better performance). Therefore, a 
lower PV will have a higher z-score and indicate worse performance, while a higher PV will 
have a lower z-score and indicate better performance. All analyses discussed in the results 
section were also run on the data when male and female controls were not combined for z-score 
calculation. Instead, z-scores for male participants were calculated based on means from male 
controls, and z-scores for the female participants were calculated based on means from female 
controls. Combining the male and female control groups for z-score calculation did not give 
different results compared to when the sexes were kept separate. Thereofre, male and female 
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controls were combined for the means in order to prevent any sex-bias being introduced into the 
data. 
There are several ways to create composite scores that reflect the components found 
through the PCA, with simple averaging being the most commonly used approach when the 
original variables are continuous (Song et al., 2013). This approach was used for my data and 
involves the addition of the z-scores, resulting in equal contributions of each of the original raw 
scores to the composite score. The composite timing score was calculated by adding the z-scores 
of the highly correlated outcome variables from component 1 of the PCA which were the RT, 
MTf, and PV. The composite endpoint error score was calculated by addition of the z-scores that 
were highly correlated from component 2 of the PCA which consisted of the AE and VE. The 
Kaiser-Meyer-Olkin (KMO) measure was used to verify the sampling adequacy for the PCA. It 
indicates the proportion of variance among variables that might be caused by common 
underlying factors. High KMO values indicate a PCA will be useful, while lower KMO values 
(less than 0.5) suggest it will not be. Bartlett’s test of sphericity is a further measure used to 
determine if a PCA is appropriate for the data. It compares the observed correlation matrix to the 
identity matrix, where an identity matrix is a square matrix in which all elements of the main 
diagonal are ones and all other elements are zeroes. If all variables in a correlation matrix are 
perfectly correlated, a single factor can be used to summarize them. If they are orthogonal, then 
their correlations are zero and the same number of factors is needed as there are variables - in 
this case, the correlation matrix is the same as the identity matrix. If the absolute values are high 
outside the main diagonal, some variables are correlated and a PCA may be useful. If they are 
close to zero, a PCA would not be useful as there would be little to no correlation between any of 
the variables. Bartlett’s test is used to check if the observed correlation matrix R is significantly 
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different from the identity matrix (matrix under the null hypothesis that variables are 
orthogonal). If the null hypothesis is rejected with a significance value of p < 0.05, then the R 
matrix is not an identity matrix and PCA can be used. Cronbach’s alpha was used to test for 
reliability, or internal consistency, of the composite scores. 
Statistical Analysis 
All statistical analyses were carried out using SPSS statistical software (SPSS 24, IBM). A 
PCA was conducted with orthogonal rotation (varimax) on the standardized z-values of each 
kinematic variable separately across the four conditions for the males and females together. 
Eigenvalues were obtained, with two components having eigenvalues over Kaiser’s criterion of 
1. These were the two components retained for analysis. The rotated component matrix from the 
PCA showed factor loadings of each variable for the two components - these are the correlation 
coefficients between the variables and the factors. Factor loadings with an absolute value greater 
than .3 are considered moderate-to-strong. Factor loadings across the four conditions and for 
both sexes suggested that component 1 is represented by RT, MTf, and PV while component 2 is 
represented by the AE and the VE. As PLf did not show high correlation with either component, 
it will be used in combination with the PLb to calculate and analyse the CPL separately from the 
composite scores. 
A Shapiro-Wilk test was used to test for normality of each kinematic measure for both the 
male and female groups across the four conditions. While the majority of the dependent variables 
for the standard and feedback reversal conditions were normally distributed across the sexes, 
both the PC and FR + PC condition kinematic outcomes were significantly non-normal. 
Consequently, all statistical testing was carried out using nonparametric analysis techniques.  
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Diagnostic and sex-differences 
A Kruskal-Wallis test was used to test for differences between several independent groups. 
This test is the non-parametric equivalent of the one-way independent ANOVA, and is based on 
ranked data. Ignoring the group to which the dependent variable belongs to, the scores are 
ordered from lowest to highest with the lowest assigned a rank of one, the next highest a rank of 
two, and so on until all scores have been ranked. Ranked scores are added based on the group 
they belong to, and the test statistic for the data is then calculated. This test statistic has a chi-
square distribution. If there is no difference between the groups, the expected result would be 
similar ranks within each group and the total summed ranks would be about the same. If the 
groups differ, then the summed ranks of the groups would be higher in some groups and lower in 
others. The lowest of the group sums is taken as the test statistic, and significance is determined 
at p < 0.05.  
The groups analyzed for differences using the Kruskal-Wallis test were the at-risk males, 
control males, at-risk females, and control females on timing scores, endpoint error scores, 
corrective path lengths, percentage of direction reversals, number of sub-movements, and 
percentage of sub-movements. Mann-Whitney tests were used for post hoc analysis to follow up 
on statistically significant findings, with comparison between i) at-risk and control males, ii) at-
risk and control females, iii) at-risk females and males, and iv) control females and males. A 
Bonferroni correction was applied so all effects are reported at a .0125 level of significance. 
Results from the Mann-Whitney tests can be interpreted in different ways. If the distributions for 
all groups have a similar shape, the medians of the dependent variables can be compared. If the 
distributions are not the same shape, the Mann-Whitney test can only be used to compare mean 
ranks. The distributions for all groups were visually inspected and compared across all four 
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conditions, and were found to be different shapes. All results were therefore interpreted using 
means. Calculating effect size (r) for the Kruskal-Wallis test is not very useful as it summarizes a 
general effect, and so all effect sizes were calculated for post hocs. Descriptive statistics and 
statistical outcomes of the non-parametric Kruskal-Wallis and post hocs for all dependent 
variables for group are summarized in Table 2. 
All groups were age-balanced, with no statistically significant differences in age observed 
between the four experimental groups (H = .408, p>0.05). There were also no statistically 
significant differences observed between groups on MoCA scores (H = 4.622, p>0.05), computer 
experience (H = 3.268, p>0.05), and touchscreen experience (H = 1.995, p>0.05). 
 
RESULTS 
CMI behaviour 
There is a deterioration in movement control as cognitive demands of the task increase 
observed in at-risk participants compared to age-matched controls. The full movement 
trajectories plotted in Figure 4 show a disruption in performance of hand movements, evident as 
increased deviations from a straight trajectory between the central target to the four peripheral 
targets in the non-standard conditions. For comparison, the standard condition illustrates minimal 
deviations from a straight trajectory across all four participant groups.  
Composite scores 
All Kaiser-Meyer-Olkin (KMO) values were greater than the acceptable limit established by 
Field (2009) of .5, with the exception of the FR condition with a KMO = .467. As this value is 
close to the acceptable limit, and all other values were above it, the sample was taken to be 
adequate for a PCA. Bartlett’s test of sphericity had a p < 0.001 for all variables in both sexes, 
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indicating that correlations between items are sufficiently large for a PCA. The timing and 
endpoint error scores for both the males and females across all conditions both have high 
reliabilities, Cronbach’s α = .879 and .772, respectively. As mentioned previously, the means of 
the composite z-scores demonstrate how the groups performed compared to the combined male 
and female control group.  
Timing scores. Timing scores were not significantly affected by group (Table 2). At-risk 
females had faster timing scores on the standard, FR, and PC conditions, but were slower on the 
PC + FR condition compared to controls (Figure 5). Conversely, at-risk males had slower timing 
scores on all three non-standard conditions, but were faster on the standard condition compared 
to controls.  
Endpoint error scores. Endpoint error scores were significantly affected by group for all 
three non-standard conditions (Table 2). Post hoc analysis revealed that performance by at-risk 
males did not differ from control males, and control females did not differ from control males, 
for any of the conditions (Figure 6). However, at-risk females had greater endpoint errors (lower 
accuracy and precision) compared to control females on all three non-standard conditions (UFR = 
27.00, rFR = -.53; UPC = 27.00, rPC = -.53; UPCFR = 22.00, rPCFR = -.59) as well as compared to at-
risk males on the PC + FR condition (UPCFR = 31.00, rPCFR = -.51). At-risk males do have greater 
endpoint error scores on the standard and FR condition compared to controls, but they perform 
better on the two non-standard conditions involving a plane-change.  
Corrective path lengths. Corrective path lengths were significantly affected by group in the 
plane-change + feedback reversal condition (Table 2). Post hoc analysis revealed that 
performance by at-risk males did not differ from control males, and control females did not differ 
from control males, in any of the conditions. However, at-risk females had greater corrective 
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path lengths (higher trajectory deviation) compared to control females on the PC + FR condition 
(UPCFR = 21.00, rPCFR = -.60) as well as compared to at-risk males on the PC + FR condition 
(UPCFR = 26.00, rPCFR = -.57). The three non-standard tasks show greater corrective path lengths 
compared to the standard, and the at-risk participants show more corrective path lengths than the 
controls (Figure 7). The magnitude of the corrective path lengths is also similar across the two 
non-standard conditions with one level of dissociation (FR and PC). The PC + FR condition, 
involving two levels of dissociation, has the greatest corrective path lengths across all groups, 
especially in the at-risk females. This is reflected in the post-hoc analyses mentioned previously.  
Percentage of direction reversals. The percentage of direction reversals was not 
significantly affected by group (Table 2). The two non-standard conditions requiring strategic 
control, FR and PC + FR, both have a substantially larger number of direction reversals 
compared to the standard and plane-change conditions (Figure 8). For the most part, males have 
more direction reversals than females and the at-risk participants have more direction reversals 
compared to controls.  
Corrective sub-movements. The number of corrective sub-movements and percentage of 
corrective sub-movements were only significantly affected by group in the standard condition 
(Table 2). Results for #SubMvt and %SubMvt are shown in Figure 9 and Figure 10, 
respectively. Both corrective sub-movement measures show similar effects across the conditions, 
with the standard having the least corrective sub-movements, followed by the FR and PC 
conditions with roughly equal corrective sub-movements, and finally the PC + FR condition with 
the greatest number and percentage of corrective sub-movements.  
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A. Control male – aged 62 
    
 
B. At-risk male – aged 61 
    
Figure 4a. Examples of typical full hand movement trajectories for males in the: A. Control group, and B. At-risk group. Hand 
trajectories begin at the central target (red dots) and move towards one of four peripheral targets, where each green line represents a 
single movement trajectory. Blue ellipses denote the 95% C.I. for the final end point of the finger movements (blue dots). Only correct 
trials (green lines) and direction reversals (red lines) are shown. Any peripheral target with less than 5 trajectories indicates error trials, 
which are not shown. S: Standard; FR: Feedback reversal; PC: Plane-change; PC+FR: Plane-change feedback reversal. 
 
S                                                            FR                                                          PC                                                         PC+FR 
S                                                            FR                                                          PC                                                         PC+FR 
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C. Control female – aged 62 
    
 
D. At-risk female – aged 62 
    
Figure 4b. Examples of typical full hand movement trajectories for females in the: C. Control group, and D. At-risk group. Hand 
trajectories begin at the central target (red dots) and move towards one of four peripheral targets, where each green line represents a 
single movement trajectory. Blue ellipses denote the 95% C.I. for the final end point of the finger movements (blue dots). Only correct 
trials (green lines) and direction reversals (red lines) are shown. Any peripheral target with less than 5 trajectories indicates error trials, 
which are not shown. S: Standard; FR: Feedback reversal; PC: Plane-change; PC+FR: Plane-change feedback reversal.  
S                                                            FR                                                          PC                                                         PC+FR 
S                                                            FR                                                          PC                                                         PC+FR 
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Table 2 
Descriptive statistics of participant groups and statistical outcomes of the Kruskal-Wallis H and Mann-Whitney U tests 
 
 Control Male At-risk Male Control Female At-risk Female KW test Mann-Whitney post-hoc 
Kinematic 
measure Mean (SEM) Mean (SEM) Mean (SEM) Mean (SEM) 
H-
statistic 
At-risk vs 
control 
females 
At-risk vs 
control 
males 
Females 
vs males 
at-risk 
Female 
vs male 
controls 
 
Timing score 
         
S 0.446 (0.7402) -0.093 (0.7477) -0.446 (0.8385) -2.359 (0.8411) 4.890NS - - - - 
FR -1.097 (0.5935) 0.967 (1.4111) 1.006 (0.7234) -0.680 (0.7976) 5.229NS - - - - 
PC -0.369 (0.8505) 0.787 (0.9492) 0.338 (0.7124) -1.522 (1.1091) 5.012NS - - - - 
PC+FR -0.999 (0.6597) -0.619 (0.6467) 0.999 (0.6321) 2.089 (1.6806) 5.115NS - - - - 
 
Endpoint error 
score 
         
S 0.091 (0.5314) 0.337 (0.6289) -0.091 (0.4193) 0.874 (0.5759) 1.116NS - - - - 
FR 0.787 (0.6069) 2.812 (1.1043) -0.722 (0.3699) 1.431 (0.5977) 10.330* 27.00** 34.00NS 47.00NS 34.00NS 
PC 0.467 (0.6304) -0.031 (0.6628) -0.429 (0.4558) 2.921 (0.9664) 9.526* 27.00** 46.00NS 26.00NS 51.00NS 
PC+FR 0.423 (0.5085) -0.016 (0.7263) -0.423 (0.5513) 3.870 (1.2484) 11.357** 22.00** 56.00 NS 31.00** 50.00NS 
 
Corrective 
path length 
         
S 0.041 (0.0298) 0.053 (0.0286) 0.000 (0.0000) 0.306 (0.3057) 3.180NS - - - - 
FR 0.691 (0.1886) 1.980 (0.6852) 0.382 (0.2126) 0.865 (0.3441) 6.669NS - - - - 
PC 0.755 (0.4381) 0.667 (0.4512) 0.448 (0.2203) 1.584 (0.6429) 3.200NS - - - - 
PC+FR 4.310 (1.2667) 3.591 (1.6316) 2.317 (0.9085) 13.450 (3.2946) 11.895** 21.00** 64.00NS 26.00** 54.00NS 
 
% Direction 
reversals 
         
S 0.490 (0.4902) 0.481 (0.4808) 0.463 (0.4630) 0.000 (0.0000) 1.016NS - - - - 
FR 3.624 (1.7891) 7.163 (3.2811) 1.046 (0.7067) 3.288 (1.6321) 2.301NS - - - - 
PC 0.000 (0.0000) 0.000 (0.0000) 0.000 (0.0000) 0.439 (0.4386) 2.750NS - - - - 
PC+FR 8.119 (3.5078) 7.392 (2.2257) 7.298 (3.4000) 7.498 (2.4127) 0.789NS - - - - 
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# Corrective 
sub-
movements 
S 0.253 (0.0469) 0.247 (0.0481) 0.165 (0.0456) 0.099 (0.0309) 8.648* 50.00NS 75.00NS 32.50* 43.00NS 
FR 0.696 (0.2034) 0.830 (0.1727) 0.780 (0.1746) 0.392 (0.0582) 5.086NS - - - - 
PC 0.715 (0.0838) 0.794 (0.1318) 0.830 (0.1096) 0.512 (0.0824) 4.641NS - - - - 
PC+FR 1.383 (0.1888) 1.212 (0.1630) 1.349 (0.1758) 1.671 (0.2243) 2.730NS - - - - 
 
% Corrective 
sub-
movements 
         
S 23.97 (4.569) 21.85 (3.933) 15.61 (4.099) 9.94 (3.095) 8.172* 50.00NS 70.50NS 32.50* 45.50NS 
FR 47.51 (8.153) 58.78 (8.96) 51.14 (8.186) 37.98 (7.157) 3.200NS - - - - 
PC 52.26 (4.727) 57.27 (7.897) 58.16 (6.609) 45.36 (6.753) 1.993NS - - - - 
PC+FR 74.41 (5.812) 2.01 (5.430) 73.53 (4.525) 76.67 (4.615) 0.252NS - - - - 
 
 
*p<0.05; **p<Bonferroni criterion = 0.0125 
S: Standard; FR: Feedback reversal; PC: Plane-change; PC+FR: Plane-change feedback reversal; NS: No significance; SD: standard 
deviation; KW test: Kruskal-Wallis test
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Figure 5. Mean timing score results for group (at-risk males: dark green, control males: light 
green, at-risk females: dark purple, control females: light purple) across all four conditions (S: 
standard, FR: feedback reversal, PC: plane-change, PC+FR: plane-change + feedback reversal). 
Kruskal-Wallis test revealed that there is no statistically significant effect by group in any of the 
conditions. Error bars represent SEM.   
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Figure 6. Mean endpoint error score results for group (at-risk males: dark green, control males: 
light green, at-risk females: dark purple, control females: light purple) across all four conditions 
(S: standard, FR: feedback reversal, PC: plane-change, PC+FR: plane-change + feedback 
reversal). Kruskal-Wallis test revealed a statistically significant effect by group in the plane-
change + feedback reversal condition. Error bars represent SEM.  
*p < 0.05; **p < Bonferroni criterion = 0.0125 
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Figure 7. Mean corrective path length results for group (at-risk males: dark green, control males: 
light green, at-risk females: dark purple, control females: light purple) across all four conditions 
(S: standard, FR: feedback reversal, PC: plane-change, PC+FR: plane-change + feedback 
reversal). Kruskal-Wallis test revealed a statistically significant effect by group in the plane-
change + feedback reversal condition. Error bars represent SEM.  
*p < 0.05; **p < Bonferroni criterion = 0.0125 
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Figure 8. Mean percent direction reversals results for group (at-risk males: dark green, control 
males: light green, at-risk females: dark purple, control females: light purple) across all four 
conditions (S: standard, FR: feedback reversal, PC: plane-change, PC+FR: plane-change + 
feedback reversal). Kruskal-Wallis test revealed that there is no statistically significant effect by 
group in any of the conditions. Error bars represent SEM.  
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Figure 9. Mean number of corrective sub-movements results for group (at-risk males: dark 
green, control males: light green, at-risk females: dark purple, control females: light purple) 
across all four conditions (S: standard, FR: feedback reversal, PC: plane-change, PC+FR: plane-
change + feedback reversal). Kruskal-Wallis test revealed a statistically significant effect by 
group only in the standard condition. Error bars represent SEM.  
*p < 0.05; **p < Bonferroni criterion = 0.0125 
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Figure 10. Mean percentage of corrective sub-movements results for group (at-risk males: dark 
green, control males: light green, at-risk females: dark purple, control females: light purple) 
across all four conditions (S: standard, FR: feedback reversal, PC: plane-change, PC+FR: plane-
change + feedback reversal). Kruskal-Wallis test revealed a statistically significant effect by 
group only in the standard condition. Error bars represent SEM.  
*p < 0.05; **p < Bonferroni criterion = 0.0125   
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DISCUSSION 
The aims of this study were to expand on previous findings from the female population by 
looking at males at high- and low-risk for dementia likely due to Alzheimer’s disease, and to 
characterize any sex-differences in performance on behavioural tasks. As predicted, performance 
in the standard condition of an eye-hand coordination task showed no significant differences 
across the groups for any of the kinematic measures. The standard condition reflects the ability to 
interact directly with objects (or, standard reaching), which in everyday life is not typically 
impaired in early AD relative to health aging. Rather, the results of this study demonstrate a 
disruption in certain components of movement in the more cognitively-demanding non-standard 
conditions that require frontoparietal cognitive-motor integration brain networks. Further, I 
observed sex-differences in the behavioural expression of these disruptions to rule-based action 
control.  
The results suggest that measurable impairments in visuomotor control are present in 
individuals at increased risk of dementia who do not yet show any cognitive deficits. Revisiting 
the hypotheses, they were partially supported. Contrary to findings in the previous female-based 
study, there were no cognitive-motor impairments for increasingly dissociated visually-guided 
reaching tasks in at-risk males when compared to healthy controls. Analyses of the females in 
their ability to perform accurate movements to targets supported previous findings, where at-risk 
females had less accurate movements compared to control females in the non-standard 
conditions (Hawkins and Sergio, 2014). As predicted, there were no behavioural differences 
between the control male and female groups. This supports previous findings from our 
laboratory, where behavioural performance did not differ between the sexes of cognitively 
healthy young adults on CMI tasks (Gorbet and Sergio, 2007). Instead, any differences were seen 
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in brain imaging results. The underlying brain networks that control thinking and moving at the 
same time were different between the sexes for the same behavioural performance. As previously 
mentioned, in healthy populations women typically outperform men in tasks requiring accuracy, 
while men excel in tasks requiring speed (Fozard et al., 1994; Kimura, 1993; Kimura and 
Harshman, 1984). While not statistically significant, the results for the healthy control 
participants in the current study reflected these findings. In general, the women had lower 
endpoint error scores (representing greater accuracy and precision), while the men had faster 
timing scores. However, the dementia-risk male and female groups did differ significantly in 
their performance of the CMI tasks, discussed below.  
Timing and endpoint error scores. The introduction of the three non-standard mapping 
conditions did not result in any significant changes to timing scores in the at-risk groups 
compared to their respective sex-matched controls. Furthermore, there were no significant sex-
differences in timing scores between the at-risk participants nor the control participants. Timing 
scores were composed of the RT, MTf, and PV. RT and MTf functionally involve the 
registration of a sensory stimulus, followed by the translation of this information to a motor 
response, and finally the motor execution. No significant differences in timing scores suggest 
that when task complexity was increased, participants did not have trouble with the planning and 
initiation phases of the appropriate hand movement. This supports findings from a previous study 
investigating patients with probable AD compared to healthy controls on a plane-change 
movement task with little to no feedback of their limb (Ghilardi et al., 1999). They found that 
compared to the control participants, AD patients had fragmented velocity profiles and increased 
movement times both with and without visual cursor feedback, suggesting that AD patients rely 
on continuous sensory monitoring of their limbs. Furthermore, without visual feedback the AD 
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patients had more inaccurate movements; because the initial directions of the movements were 
more accurate than the endpoint locations, the authors suggested that patients could successfully 
plan but not maintain an accurate motor plan in the early stages of the disease. This is further 
reflected in the current study, where similar timing scores across groups indicate normal 
movement initiation, but increased endpoint error scores indicate an inability to then execute an 
accurate and precise movement in at-risk females. The multiple correction model of limb control 
suggests that movements towards a single target are composed of multiple sub-movements, each 
responsible for reducing the error made in the preceding sub-movement. (Crossman and 
Goodeve, 1983; Keele, 1968). It takes time to detect the error visually, feed it back for a 
correction, and initiate a corrective sub-movement - this is the speed-accuracy trade-off, where 
longer movements are assumed to generally be more accurate. This may be the mechanism 
underlying our results from the female population, where the at-risk females showed greater 
endpoint error scores but faster timing scores compared to controls. The opposite appears to be 
true for the males, where at-risk males had consistently slower timing scores but smaller 
endpoint error scores compared to controls on most of the non-standard tasks. Furthermore, 
patients with AD have been shown to have problems in cognitive processes requiring higher-
level control involving attention networks (Baddeley et al., 2001; Sheridan and Hausdorff, 2007). 
In the current study, increased endpoint errors during non-standard tasks requiring higher-level 
cognition may reflect problems with attention networks. Disruptions to these networks would 
divide attention (and require more neural resources) between incongruent eye and hand 
movements during non-standard tasks. 
Corrective path lengths and sub-movements. Movement performance was compared across 
groups by examining corrective path lengths, as movements with curves and deviations from a 
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straight trajectory would result in longer path lengths. As the task difficulty increased from the 
standard to non-standard conditions, there was also an increase in corrective path lengths. 
Specifically, the two non-standard tasks with one level of dissociation (FR and PC) had 
comparably larger corrective path lengths compared to the standard condition. The PC+FR 
condition with two levels of dissociation had the greatest corrective path lengths compared to the 
other three conditions. Work in our laboratory has shown something similar in individuals with 
mild cognitive impairment, where behavioural deficits became apparent only for the CMI 
conditions having two levels of dissociation between the motor output and the guiding visual 
information (Salek et al., 2011). Across all conditions, the at-risk groups also showed greater 
corrective path lengths, and thus greater hand path variability, compared to their respective 
controls. In a study investigating visual feedback control in young adults and the elderly, visual 
feedback was removed (Seidler-Dobrin and Stelmach, 1998). Following practice, the elderly 
continued to show persistently lower endpoint accuracy unlike younger controls. This suggests 
that older adults rely more heavily on visual online feedback than younger controls, as reported 
by a number of other studies (Haaland et al., 1993; Lyons et al., 1996). Moreover, older adults 
show impairments in monitoring online movement trajectories through visual feedback 
(Sarlegna, 2006). Younger and older adults reached to targets that were either stationary or 
unexpectedly displaced. Their results showed that movement accuracy towards stationary targets 
was enhanced by visual information in both age groups. However, when large movement 
adjustments were required following target displacement, young adults used visual information 
of the target locations more efficiently compared to older adults to correct hand trajectories. 
Taken together, these studies demonstrate how older adults rely more on visual online feedback, 
but are also less efficient in their use of online feedback when making movement adjustments. 
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Participants in the current study had a greater number and percentage of corrective sub-
movements in the three non-standard tasks compared to the standard task. Furthermore, the 
condition with two levels of dissociation had the greatest number and percentage of sub-
movements. This further showed that older adults are more reliant on feedback control; an 
internal feedback loop is needed for comparing and updating relative hand and target locations in 
the cognitive-motor integration tasks, which rely on properly functioning frontoparietal 
connections (Vesia et al., 2008). Pohl et al., (1996) similarly postulated that older adults are more 
reliant on feedback control, as they made a greater number of corrective movements compared to 
younger controls. In the current study, larger endpoint error scores and corrective path lengths 
specifically in the at-risk individuals suggest that disruptions to online feedback control seen in 
healthy aging may be further impaired in the patient population. Further support for disruptions 
to online corrective mechanisms comes from direction reversal results.  
Direction Reversals. The largest numbers of direction reversals were in the two non-
standard conditions requiring strategic control, FR and PC + FR. At-risk females had more 
direction reversals than control females in both strategic control conditions, while at-risk males 
had more direction reversals compared to control males only in the FR condition. The strategic 
control conditions require participants to pay attention to the location of target appearance, and 
then inhibit the initial reaction to move towards the target and instead move in the opposite 
direction. Therefore, an increased number of direction reversals may reflect inhibitory 
dysfunction in the at-risk individuals, which has been shown by other studies in AD patients via 
abnormal prosaccadic behaviour. One study investigated changes in partially directed attention in 
patients with probable AD, where subjects had to attend to targets appearing in one of four 
peripheral locations around a central marker (Scinto et al., 1994). Perseveration errors were 
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defined as “wrong-way saccades” where subjects had trouble disengaging attention from central 
or previous trial targets, or performed saccades to the opposite direction of the new target. 
Patients with probable AD displayed greater errors of perseveration compared to controls, and 
the authors suggested that damage to the posterior lobes may be responsible. In another study, 
AD patients and healthy controls were tested in part on a go/no-go task that required participants 
to saccade towards targets (go) or maintain central fixation during target presentation (no-go) 
(Crawford et al., 2005). There were also anti-saccade trials in which participants had to saccade 
in the opposite direction of target appearance. AD patients had more inhibition errors in the no-
go, go/no-go, and anti-saccade tasks. Inhibition errors in the anti-saccade tasks positively 
correlated with dementia severity. Their findings suggest that problems with online corrective 
movements may account for the direction reversal findings in the current study. In an anti-point 
paradigm, when subjects were required to deliberately reach in the opposite direction of target 
displacement they produced an initial movement in the direction of the target before being 
corrected away (Day and Lyon, 2000). These online adjustments towards the target at the start of 
the movement were labelled as automatic responses that were then susceptible to voluntary 
modification away from the target. They suggested that a possible mechanism for this automatic 
response is that it is mediated by subcortical brain regions, while the later voluntary adjustment 
involves cortical premotor areas that establish a non-standard relationship (i.e., moving left when 
the target displaces to the right).  
Now that we’ve established possible explanations for behavioural differences across 
conditions and between groups, let’s look more in depth at what mechanisms may underlie these 
differences. 
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Potential mechanisms underlying diagnostic differences. There are several models used to 
describe movement control - feedfoward, feedback, or hybrid. Feedforward models propose that 
a motor plan is created prior to a movement, and feedback loops are then used near the end of 
movement to modulate the initial motor command when it is inaccurate (Meyer et al., 1988). 
Feedback models propose that there is no production of an initial motor plan, but rather it is 
generated in real-time during the course of the movement whereby an error signal compares the 
locations of the hand and target relative to each other (Flanagan et al., 1993). However, optimal 
movement control is likely a result of a combination of these two models and is represented by a 
hybrid model. A hybrid model proposes that a crude initial motor plan is created (feedfoward), 
and because this motor plan is imprecise it is then continuously adjusted in real-time (feedback) 
(Desmurget and Grafton, 2000). Support for this model comes from findings that online control 
by visual and non-visual information is seen early in a hand movement. The coordination of eye, 
head, and hand movement during a goal-directed reach appear sequential - the eyes move first, 
followed by the head, and finally the hand (Prablanc et al., 1979). Biguer et al., (1982) showed 
that while behaviourally the movements appear sequential, they actually occur at the same time 
and any differences are due to inertial factors. Looking at EMG discharge of the eyes, head, and 
arm during reaching tasks towards a visual target, they found that the EMG discharges were 
synchronous. A motor command is sent to all effectors at the same time, but the arm moves last, 
as it has to overcome the greatest inertia. Studies investigating eye-hand coordination have 
reported a lag of 60-100 ms between eye and hand movement (Angel et al., 1970; Prablanc et al., 
1979). This is consistent with the electromechanical delay of 50-100 ms seen between agonist 
muscle activation and contraction. It has been shown that motor plans created and executed from 
peripheral vision do not provide as accurate a target location as foveal vision (Bock, 1993). 
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Therefore, following a saccade to a target there need to be adjustments to the motor plan based 
on foveal information.  
An area hypothesized as being critical for updating hand trajectory is the posterior parietal 
cortex (PPC) (Desmurget et al., 1999; Desmurget et al., 2001; Pisella et al., 2000). In one study, 
participants had to reach towards a visual target that either remained stationary, or was moved 
(Desmurget et al., 1999). Transcranial magnetic stimulation (TMS) was applied over the left PPC 
during the presentation of the target; stimulation caused a disruption in trajectory corrections, 
which otherwise normally occurred in tasks where the target moved. In tasks where the target 
remained stationary and normally did not require corrective movements, stimulation of the left 
PPC had no effect. Normal aging appears to show a frontal dominance in its effects; there is 
shrinkage in several brain regions among which are areas of the frontal lobe, there is loss of 
white matter tracts in the frontal lobe but a preservation in the posterior regions, and finally there 
are decreases in metabolism seen in the frontal lobe (O’Sullivan et al., 2001; Pfefferbaum et al., 
2005; Raz et al., 2005; Tumeh et al., 2007). Conversely, AD pathology appears to be 
concentrated in posterior cortical regions. Brun and Gustafson (1976) examined the brains of AD 
patients and found that maximal cortical degeneration spanned the posterior temporal areas, as 
well as the parietal and occipital lobes. Both the superior and inferior regions of the PPC have 
also shown hypoperfusion in patients with AD (Buck et al., 1997). Based on the findings from 
AD patients in conjunction with the current study’s results, I propose that the PPC is impaired to 
a greater degree in at-risk individuals relative to those not at-risk. Damage to the PPC may cause 
problems with online corrective mechanisms and may explain why the at-risk participants have 
greater corrective path lengths and endpoint error scores.  
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It is not known exactly where in the brain abnormal Aβ accumulation begins in individuals 
with AD. In a recent imaging study investigating non-demented individuals, researchers used 
PET scans to measure fibrillar Aβ pathology, and CSF samples to measure the levels of Aβ-42, 
total tau, and phosphorylated tau (Palmqvist et al., 2017). Using these approaches, they were able 
to identify the earliest preclinical AD stage in participants, and showed that Aβ accumulation 
preferentially began in the precuneus, posterior cingulate cortex, and medial orbitofrontal cortex. 
This early Aβ accumulation predominantly overlapped with the DMN, as well as with the 
frontoparietal network. While a correlation between decreased functional connectivity in these 
networks and Aβ pathology has been shown previously, Palmqvist et al., (2017) were the first to 
demonstrate this relationship in the earliest stages of AD for individuals who are still cognitively 
healthy (Elman et al., 2016; Koch et al., 2014). This could be a mechanism to explain why 
performance differences are seen between females at-risk for dementia versus those that are not 
at-risk in tasks requiring the frontoparietal network.  
Potential mechanisms underlying sex-differences. The question remains - why are the at-
risk females affected behaviourally to a greater extent than the at-risk males? According to the 
Alzheimer’s Society of Canada, 72% of Canadians living with AD are women. It’s not yet clear 
why this is. One possible explanation is that differences in the prevalence of AD between the 
sexes may be due to hormonal changes. Converging evidence suggests that low levels of 
estrogens could lead to cognitive decline. Specifically, low estrogen levels have been linked to 
the etiology of dementia in women, where estrogen seems to have a neuroprotective effect 
against cognitive decline (Rocca et al., 2014). Women with surgically induced menopause 
following bilateral oophorectomy - the surgical removal of both ovaries - undergo an abrupt 
decline in estrogen, progesterone, and testosterone (Morrison et al., 2006). Several studies 
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looking at women who had surgically induced menopause showed an increased risk of cognitive 
impairment and dementia (Phung et al., 2010; Rocca et al., 2007). In the study by Rocca et al., 
(2007), women who then received estrogen treatment following the surgery no longer showed an 
increased risk of cognitive impairments or dementia. Natural menopause shows high variability 
in the age of onset, with some women experiencing premature menopause (before 40 years old) 
or early menopause (between 40 and 45 years old) (Rocca et al., 2011; Shuster et al., 2010). The 
females in the current study were 50 to 68 years of age, and so it is highly likely that most (if not 
all) would be undergoing, or have already gone through, menopause and therefore potentially 
showing exacerbated cognitive-motor integration declines compared to the males.  
There also appears to be an interaction of APOE e4 with hormone levels and menopause. 
A study by Jacobs et al., (2013) collected data from post-menopausal women, half of which were 
on hormone replacement therapy (HRT) while the other half had been off of it for two years. 
They investigated the effects of having the APOE e4 allele on telomere length, a measure of 
biological aging. APOE e4 carriers had greater telomere shortening that was an equivalent of 10 
years of aging compared to non-carriers. There was also a modulatory effects of hormone 
therapy, where e4 carriers on HRT did not show as much cellular aging as e4 carriers no longer 
on HRT. This further suggests that hormones in women serve as a buffer against cell aging in at-
risk women. Furthermore, APOE e4 risk for developing AD is greater for women than men. 
Women with just one copy of the APOE e4 allele showed an increased dementia risk equivalent 
to the one seen in men with two copies of the APOE e4 allele (Payami et al., 1994). This finding 
was supported in another study that found that there was not a significant difference in disease 
risk for men with one copy of the APOE e4 allele compared to men without any copies of the e4 
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allele (Farrer et al., 1997). In contrast, women who had one copy of the e4 allele had the same 
increase in risk as men who had two copies of the allele.  
Finally, our laboratory has previously shown that the brain regions used by males and 
females for tasks requiring cognitive-motor integration are different (Gorbet and Sergio, 2007). 
Females showed higher activity in the right dorsal premotor cortex in the frontal lobe, and, 
importantly, in the right superior parietal lobule and left sensorimotor cortex in the parietal lobe. 
At the same levels of performance, males showed greater bilateral activation solely in the 
superior temporal gyri. As was previously mentioned, frontal regions show declines in volume, 
white matter integrity, and metabolism in healthy aging and there is a further degeneration of the 
parietal regions associated with AD. As women appear to rely on these regions more heavily 
compared to men, it points to a possible neural mechanism explaining sex-differences seen in the 
at-risk individuals, where females are affected to a greater extent.  
 
FUTURE DIRECTIONS 
Future work will examine the exact nature of these task-related brain networks and their 
relationship to individual genetics using collected brain imaging and genetic data. Imaging data 
were collected for all of the participants with a magnetic resonance imaging (MRI) scanner. 
Diffusion tensor imaging (DTI) and resting-state functional MRI (fMRI) data will be used to 
identify and compare the spatial maps of the DMN between the at-risk and the control groups. 
Preliminary research findings from the female population did show deficits in visuomotor 
performance in more cognitively demanding tasks with alterations in the DMN typically seen in 
individuals with AD (Hawkins and Sergio, 2016). Given the online control deficits observed 
behaviourally in the current study, the previous imaging work could be extended to look in 
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particular at network level interactions with the cerebellum. The cerebellum, in addition to the 
PPC, has been shown to be important in the visual guidance of movement, as well as for 
feedback loops and online control of movement (Schweighofer et al., 1998; Stein, 1986; Wolpert 
et al., 1998).  
All participants were also asked to provide a saliva sample to genotype for APOE e4, an 
allele of the APOE gene that is associated with a 2 to 3 fold increased risk for AD (Reitz and 
Mayeux, 2014). Genetic results will be used to assess risk of the individuals, and whether it is 
correlated with their visuomotor performance.  
Estrogen has also been shown to mediate cognitive deficits associated with AD (Emilien et 
al., 2000), yet there is very little research on brain neurophysiology of post-menopausal women. 
Comparing healthy females pre-menopause and post-menopause would provide some insight 
since estrogen levels show large and rapid declines in perimenopause, while sex hormone levels 
in men decline only marginally with age (Burger et al., 1995; Harman and Tsitouras, 1980). The 
results from females could then be compared to data collected from healthy age-matched males, 
and eventually translated to the at-risk population. Additionally, there is evidence of a further 
increased risk of AD in women with APOE e4 (a genetic marker of AD) associated with events 
occurring at midlife and onward. Due to sex-specific fluctuations seen in APOE e4 concentration 
synergistic with hormonal changes at puberty onset and menopause in women, it would be 
interesting to look at the impact of sex steroid levels on brain activity and performance on CMI 
tasks in females pre- and post-menopause. Estrogen in particular has been shown to impact 
APOE gene expression and brain metabolism differently between the sexes as a result of the 
greater sex hormone changes seen in women post-menopause (Li et al., 2014; Shiele et al., 
2000).  
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LIMITATIONS 
The selection of male participants was not supervised by a medical professional. Groupings 
into the at-risk versus control groups were based on the participants’ self-reports, and no medical 
charts or official clinical diagnoses were obtained. While some participants did have a definitive 
diagnosis of AD for their parent(s) and/or family member(s) following autopsies, most 
participants’ parents were still alive. It is not possible to diagnose someone with AD before 
death, and so most of the parents were diagnosed by a clinician with dementia due to probable 
AD. It is possible that some of the participants’ parents had another form of dementia and we 
were not aware. Furthermore, this study was cross-sectional in nature. As we are looking at 
individuals that are at an increased risk for developing AD later in life, it would be interesting to 
do a longitudinal study to follow these participants and see what proportion develop AD from 
both groups. It would then be possible to also look at whether these individuals that develop AD 
were the ones with the poorest CMI performance on non-standard tasks.  
 
CONCLUSION 
While research in the last decade has led to developments in the early detection of 
dementia risk, these techniques involve invasive and costly procedures such as PET scans and 
taking blood samples. Our laboratory uses a fairly quick paradigm (approximately 20 minutes) 
that is neither invasive nor costly, and one that would be easily accessible to the public and 
straightforward to administer. The goal of the current research was to test the efficacy of this 
tablet-based tool in measuring deficits in visuomotor control of individuals at-risk for dementia 
before the onset of clinical symptoms. By the hybrid model of movement control, the feedfoward 
component involving the creation of the initial motor plan was not affected early on in the 
disease as reflected by timing scores not being significantly different across groups. Rather, it 
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appears to be the feedback component required for continuous online updating of the motor plan 
that was disrupted early in the disease. This is evident in the increased endpoint error scores, 
corrective path lengths, and direction reversals in the non-standard conditions, especially in the 
condition involving two levels of dissociation. Disruptions in online feedback control are seen in 
the at-risk individuals, particularly in the females. These data suggest that the underlying brain 
networks that control thinking and moving at the same time are different between men and 
women, and that dementia risk may affect female cognitive-motor integration performance to a 
greater extent. These findings provide insight into the mechanisms underlying disease- and sex-
related changes in cognitive-motor control. Importantly, the results may potentially translate into 
a behavioural biomarker for early dementia detection.   
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